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Abstract—Detecting the direction of wireless signals across the
entire horizon can greatly benefit various wireless communi-
cation and sensing systems. While traditional phased antenna
arrays and mechanically rotating sensors can achieve the desired
performance, they often come with drawbacks such as high
cost, bulkiness, excessive weight, or high power consumption.
Additionally, mechanical and stealth requirements necessitate
that antenna hardware be embedded within shapes that conform
to the surfaces of objects. To address these issues, we propose
and numerically demonstrate conformal dynamic metasurface
antennas that can wrap around arbitrary objects. These antennas
can generate diverse patterns that interrogate the entire field
of view, allowing for multiplexing relevant information into a
few measurements at a single receiving unit. We will detail its
design considerations and outline methods for computationally
processing signals collected by this device to extract the angles
of arrival of one or multiple signals. The proposed structure
represents a new approach to designing microwave sensors for
acquiring situational awareness.

I. INTRODUCTION

Microwave sensing systems map the surrounding environ-
ment, find obstacles, detect threats, identify RF sources, and
provide the required situational awareness [1]-[15]. They
usually need to be mounted on structures such as vehicles,
missiles, drones, helmets. etc., where mechanical and stealth
restrictions require them to be embedded into arbitrarily
shaped surfaces. Another requirement is to gather real-time
information across the entire field of view (e.g., in the azimuth
plane) while using as few transceivers as possible. Tradition-
ally, this has involved either mechanically rotating antennas or
employing conformal antenna arrays. While these methods can
deliver excellent performance, they may also lead to concerns
such as bulkiness, high costs, excessive power consumption,
increased weight, or slower operation, which can limit their
widespread applications.

Microwave sensors that use rotating radars provide a one-
to-one relationship between each measurement and the interro-
gated angle/pixel [1], [2], [15]. As a result, they provide perfect
performance but at the cost of a bulky, and heavy instrument.
Rotating antenna systems are also challenging in conforming
to arbitrary shapes. Alternatively, one can use antenna arrays
that are electronically switched on and off or fed via a
specialized feed [7], [16], [17]. Conformal antenna arrays can
interrogate a large field of view and are easier to integrate
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into arbitrarily shaped objects. However, their performance
requires satisfying important element gain and array spacing
tradeoffs [18], [19]. Furthermore, almost all previous methods
require using a transmitting/receiving unit connected to one
of the antennas (or a switch array), increasing the overall cost
and complexity. To overcome that issue, compressive sensing
algorithms or machine learning techniques have been proposed
to reduce the number of measurements, especially with pattern
reconfigurable antennas, but they still require conventional
antenna arrays with their C-SWaP issues [20]-[23].

To address these shortcomings, a conformal frequency-
diverse metasurface antenna has been recently pursued [24].
The underlying idea behind this device is to generate angularly
diverse radiation patterns that can multiplex information about
the incident angle of arrival (AoA) [24] into fast frequency
sweeps. In this case, there is no one-to-one relationship
between measurements at the receiving ports and the in-
coming signal’s AoA. Instead, the AoA is determined using
computational techniques. Using full-wave simulations, [24]
demonstrated the capability of a frequency-diverse conformal
antenna in detecting any incoming signal’s AoA on the az-
imuth plane. Nevertheless, the frequency-diverse metasurface
relies on a large bandwidth, which limits its application. To
overcome this limitation, recent work also examined a dynamic
conformal metasurface by adding a reconfigurable component
into each element of the conformal frequency diverse meta-
material antenna [25]. This work presented the possibility
to detect AoA even using a single frequency. However, the
proposed geometry was not physically realizable (it required
large capacitors of a few Farad to realize the reconfigurable
element).

Building upon the work in [25], we present a conformal
dynamic metasurface antenna (DMA) optimized for generating
diverse patterns and detecting many AoAs. We will start
by outlining the design considerations for the constitutive
elements of the proposed DMA. Next, we will analyze the
overall electromagnetic response of the conformal DMA. We
will also describe the processing technique for determining
the AoA using measurements made by this device. Using
electromagnetic full-wave simulations in Ansys HFSS, we
demonstrate the ability to detect single and multiple AoAs.
Additionally, we show that it is possible to use intensity-only
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Plane-wave

Fig. 1. The conformal DMA.

measurements (i.e., received signal strength) to detect AoA
across the entire horizon.

II. PROPOSED METHOD

The general configuration of the proposed conformal DMA
is shown in Fig. 1. It consists of a conformal substrate-
integrated waveguide (SIW) with one wall fashioned with
reconfigurable metamaterial radiators whose response can be
tuned individually [26]. This SIW is connected to two coaxial
connectors on opposite sides. An electromagnetic wave inci-
dent on this structure couples to the metamaterial radiators
(depending on their switchable component state) and travels
along the SIW to be collected by the coaxial connectors.
The received signal is thus a linear weighted combination of
the wave incident on all metamaterial elements. The random
weights depend on the state of the material elements and their
distance from the coaxial connector [27]. We can obtain a
new multiplexed version of the incident signal by changing the
metamaterial radiators’ states. By computationally analyzing
the signal measured in this manner, we can obtain the AoA of
the incident signal. In the following, we first detail the design
considerations for the dynamic elements used as the building
block of this antenna. We then analyze the electromagnetic
response of the conformal DMA composed of the designed
dynamic elements. Lastly, we outline the signal processing
technique to obtain AoAs and verify it using full-wave simu-
lation.

A. Element design

The constituting element of the conformal DMA is shown
in Fig. 2. It is excited by a SIW implemented using a 62
mil thick Rogers Duroid 5880 substrate. A portion of the
guided mode traveling within the SIW couples to the element
and radiates into free space. This element is loaded with two
varactor diodes, which can be addressed individually. Thus,
the resonance behavior of the element can be tuned according
to the state of these two diodes. In this paper, we design the
element to be resonant in the X band. It is worth noting that the
proposed design and operation can be easily extended to other
frequencies by altering the element’s geometry. To simplify
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Fig. 2. The simulation setup of a DMA element with dimensional details.
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Fig. 3. The a) S-parameters and b) radiated power of a single meta-atom.

simulation studies, the walls of the SIW are modeled as perfect
electric conductor boundary conditions. The SIW’s width is
W = h = 15 mm, corresponding to a cutoff frequency of 6.74
GHz. For the design analysis of the element, we excite it with
a rectangular waveguide port. The corresponding scattering
parameters thus provide us with metrics to optimize the
design. Specifically, we want to satisfy two conditions: 1) low
reflection, measured by S7;, and 2) low coupling, measured
by S21. These two conditions ensure sufficient power reaches
subsequent elements along the DMA, allowing us to use the
DMA aperture effectively [28]. To meet these criteria, we used
elements with narrow widths, which reduces the perturbation
of the guided mode by the element and lowers reflection. This
also reduces the coupling, allowing sufficient power to pass
through the element to excite subsequent elements. Using a
parametric study in Ansys HFSS, we arrived at the following
geometrical parameters: a = 5.4 mm, b =1.4 mm, p = 5 mm,
q=1mm, and d = 0.5 mm.

Fig. 3a depicts the S-parameter for the optimized element
for two capacitance values of the varactor diodes. The first
state, C' = 0.15pF, is chosen such that the element resonates
at 9.8GHz. In contrast, for the second state, C' = 0.4pF, the
resonance frequency is effectively shifted out of the band of
operation. This selection thus allows for a binary coding of
the conformal DMA. This response is also apparent from the
radiated power depicted in Fig. 3b.

B. Conformal DMA

The conformal DMA is formed by placing the elements
designed in the previous subsection around a cylindrical struc-
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ture so that the elements radiate radially outward. The outer
radius of the cylindrical structure is 45 mm. This structure,
depicted in Fig 1, is excited by two coaxial ports placed on
opposite sides. The center conducting cores of the connectors
extend through the substrate. The conformal DMA is tasked
with capturing signals from the whole 360° angular range on
the horizontal plane (XY plane in Fig 1). In this configuration,
the angular range on the azimuth plan is [—180°,180°],
with the X-axis at —180°. Given the metamaterial elements’
orientation, we assume the incident waves have an electric
field in the horizontal plane.

Placing the metamaterial elements on a conformal config-
uration in series with each other can slightly change their
response. To analyze that, we examined the S parameters
of this structure. The design criteria in these studies are as
follows: 1) The reflection coefficient should be low to ensure
sufficient signals are received from the elements. 2) The
transmission from one port to the other should be low so that
the signal is depleted before reaching the second port (all of
it is radiated). 3) The overall radiation patterns of the antenna
cover the whole horizon and do not exhibit significant nulls.
The critical challenge here is that all these conditions must
be satisfied for all different states of the varactor diodes along
the conformal DMA.

For simplicity, we only used two states for each diode: their
effective capacitance is either 0.15 pF or 0.4 pF based on the
studies presented above. Even in this case, we still have 234
possible distribution of effective element states (referred to as
masks for brevity), which cannot be examined in simulation
(or experiment). It is worth noting that this large number of
possible states shows the dexterity of the designed DMA.
To overcome this challenge, we grouped the metamaterial
elements into 5 groups. The elements of each group will
have the same capacitance (or, equivalently, will have the
same voltage exciting them). These elements are randomly
distributed over the whole DMA. Using these groups, the total
number of masks to simulate will be 31—we disregard the case
where all elements are loaded with 0.4 pF since it corresponds
to the case that they are effectively off.

In Figs 4a, c, and e, the reflection and transmission coeffi-
cients as a function of masks at different frequency points
are plotted. As expected, we see that both reflection and
transmission are heavily dependent on the mask. We can
also observe that they change as a function of frequency.
Figs 4b, d, and f depict the radiated power for the same set
of masks and frequency points. Similar to the S-parameters,
we can notice the fluctuation of the radiated power across
the masks. Near the expected resonance frequency, i.e. 9.8
GHz, we observe high transmission from one port to another
port, while radiated power is low. We thus can conclude that
the resonance frequency of the elements has slightly shifted.
By observing the S parameters and radiated power at 9.65
and 9.5 GHz, we can conclude the resonance frequency is
lower than 9.8 GHz. It is worth emphasizing that the exact
resonance frequency is not an important factor in determining
the frequency of operation. In fact, we expect the device to
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Fig. 4. The S-parameters (left) and the percentage of the radiated power
(right) of the conformal DMA when both ports are excited simultaneously at
a)-b) 9.5 GHz, c¢)-d) 9.65 GHz, and e)-f) 9.8 GHz.

outperform slightly off the resonance frequency where losses
are lower, and the perturbation of the guided wave is less. As a
result, each element would exhibit lower reflection and allow
for ample signal to transfer to the subsequent elements. Our
main factor in determining the frequency of operation is the
amount of radiated power, which is higher (on average) for
9.65 GHz.

We have plotted the radiation patterns of the DMA across
all the masks for the same frequency points in Fig 5. These
radiation patterns are also accompanied by their envelopes in
Fig 5 (denoted by the thick black line). Changing masks results
in angularly diverse radiation patterns, while the combination
of the masks shows the ability to receive signals from all
angles. It is worth noting that the envelop pattern exhibits
deeper minimums at 9.8 GHz. In other words, it does not
receive signals from certain angles with the desired power.
Combining the results of Fig 5 and Fig 6, we concluded that
operating at 9.65 GHz can provide the desired performance,
which will be used for the rest of this paper. It is worth
emphasizing that this is a qualitative argument. One may find
slightly better performance at other frequencies (e.g., 9.7 GHz
or 9.6 GHz). Finding the optimum frequency is left for future
work. We focus here on showcasing the capabilities of a
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Fig. 5. Normalized radiation patterns for the Conformal DMA at a) 9.5 GHz,
b) 9.65 GHz and c) 9.8 GHz with 31 masks. The envelopes of the patterns
are denoted with a thicker black line.

conformal DMA in detecting AoAs. It is also worth noting
that this selection was based on the particular set of masks
consisting of 0.15 pF and 0.4 pF. The optimum frequency can
be changed to other values using masks with different sets of
capacitors. Alternatively, if we used a more continuous range
of capacitors, we could obtain the desired performance for a
wide band of operation. This will be especially useful if we
also want to locate the source in the range. These efforts are
left for future work.

III. COMPUTATIONAL AOA DETECTION
A. Detection using complex data

To detect AoA using the diverse reception patterns gener-
ated by the conformal DMA, we adopt a procesure similar to
the one used in [24], [29], [30]. The initial step is to discretize
the whole azimuth range, —180° to 180° into discrete bins.
The number of bins N may be selected such that the angular

difference between the center of adjacent bins is not larger
than the half-power-beamwidth (HPBW) of the antenna. The
beamwidth of this conformal antenna is estimated to be
13.5° based on the numerical calculation for a circular array.
However, we can detect the AoA with better resolution since
we assume that the number of predominant signal incidents on
the device is known (as a priori knowledge). As a result, we
divided the whole azimuth range into N = 60 bins, resulting
in a dense discretization (bin size of 6° instead of 13.5°).

We characterize the conformal DMA by illuminating it with
plane wave incident from the directions at the center of the
N bins. The signal incident from each reference angle is
sampled separately from the two ports for 31 masks described
earlier. Then, we take the difference between the sensed data
to populate a reference matrix H. In practice, this difference
calculation process can be accomplished by numerically per-
forming the subtraction in the post-measurement step using a
simple microprocessor. Alternatively, one can include an RF
component, such as a 180 degree hybrid coupler, to take the
difference between the collected signals. In our simulation, we
mimicked the former way for AoA estimation:

Ytest = Yportl — Yport2- (1)

It should be noted that the subtracted value is a complex
number. We repeated this process for the 31 masks and N =
60 AoAs to populate a reference matrix Hjys« v where M =
31.

To ensure the formulation of a robust and useful estimation
algorithm, the columns of H must be sufficiently distinct such
that we can detect the unknown incident signal’s AoA by
correlating the columns of H with the measured signal. This
is critical because the received data from the whole conformal
DMA is captured only using two ports. This may result in
insufficient information for accurate AoA estimation. As a
result, the estimation process relies highly on the diversity
of the received information from different masks. Therefore,
we first verified that each mask contributes relatively new
information by computing the singular value decomposition
(SVD) of H. We then plotted SVDs for increasing rows of
H and observed a decreasing trend in the slopes of the SVD,
indicating newer information is being added with new masks.
A few examples of this study are shown in Fig 6a.

To verify the AoA detection, we used the reference AoA
set as well as an arbitrary set of AoAs that are not within the
reference AoAs. In addition, it is crucial to assess the AoA
detection capability at different radial distances. We emulated
that by multiplying each test data y.s; with random magnitude
and phase variations:

y = Arandytestejd)rand 2)

Where A,qna € [0.5,0.98] and ¢rqng € [0°,360°] are
the imposed amplitude and phase values respectively. The
resulting dataset y has the same size as yi.s; Which is a
complex-valued vector of length M x 1. The random phase and
amplitude emulate signals originating from a random radial
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Normalized |X| for different test angles. The actual AoAs are noted with
dashed lines.

distance. The perturbed sensed data is then related to the
incident signal using the following estimation problem:

y = Hx 3)

Where x is the parameter to be estimated and has values
of 1 only at the indices corresponding to the actual AoAs and
zeros otherwise. Since the reference matrix is not square, we
need to solve equation (3) computationally. In this paper, we
use MATLAB built-in least square solver, CGS, to obtain an
estimate of x, which we will denote as X. Ideally, X should
perfectly mirror x. In reality, however, the test data is disrupted
by noise. This disruption is manifested in the magnitude and
phase variation in the sensed complex data. As such, the
estimated X is not comprised of only Os and 1s. In fact, there
is a possibility of redundant peaks in X. However, in most
working conditions, the peaks corresponding to incident AoAs
should be easily distinguishable, as shown in Fig 6b. Here, |X|
for a set of AoAs are presented in one figure. Clearly, peaks
at the corresponding angles are significantly higher than the
redundant ones, proving the detectability of AoA.

It is worth mentioning that the test AoAs in Fig 6b is
not from the reference AoA set. Therefore, one may notice a
slight deviation of the estimated AoA from the actual AoAs.
However, this deviation is acceptable as long as it is less than
the HPBW of the antenna. Therefore, an estimated AoOA is
considered accurate if it is within the +HPBW of the actual
AoA, which is around 6.7° according to an earlier discussion.

In Fig 7, we plotted estimated AoAs vs. actual incident
AOAs for a dense set of AOA in [—180°,180°]. In Fig 7a, we
analyzed the estimation performance at 15 dB SNR. Evidently,
all the AoAs are detected perfectly and the differences between
the estimated and corresponding test AoAs are much less than
the HPBW. 1t is crucial to remember that each sensed test data
is already perturbed with random magnitude and phase (see
equation (2)). In all the studies of noise levels in this paper,
the SNR values are applied to this perturbed data:

Ynoisy =Y +w “4)

Where w is white Gaussian noise of a certain SNR level.
As the SNR decreases, the difference between the redundant
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Fig. 7. Estimated AoA vs. actual AoA under different scenarios with a) 31
masks at 15 dB SNR, b) 31 masks at —10 dB SNR, d) 16 masks, and e) 8
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Fig. 8. Accuracy of estimation of two AoAs in a) a noiseless setting, and
b) in a noisy setting with 15 dB SNR. The color bar reflects the number of
accurately estimated AoA(s).

and main peaks decreases. At low SNR values, around —10
dB or lower, we notice unreliable detection for several AoAs,
as shown in Fig 7b.

Another important factor in the estimation performance is
the number of masks, M. We have examined the estimation
accuracy while decreasing the number of masks in Fig 7
(c) and (d). In both of these figures, the SNR level is kept
the same at 15 dB. We can see that there is no noteworthy
deviation in AoA detection capability when the number of
masks is reduced to 16. The estimation performance degrades
substantially when the number of masks is reduced to 8.

Next, we examine the conformal DMA’s capability of de-
tecting multiple AoAs. To emulate multiple incident signals,
we invoke the principle of superposition, where the sensed
data from I incoming signals can be described as:

I
y = Z Ai,rand}’i,testejm'mnd 5

i=1
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Each incoming signal may be perturbed by a different
magnitude and phase. For simplicity, we assume all incoming
signals are multiplied by the same random magnitude and
phase. The sensed data computed using equation (5) is then
used in equation (3) which is solved to find the estimated,
X. We have plotted the estimation accuracy for two incoming
signals (i.e. I = 2) in Fig 8. In this figure, 0, 1, and 2 represent
no detection, single AoA detection, and two AoA detections,
respectively. We have conducted this test for every possible
combination of reference angles. Fig 8a depicts the estimation
performance assuming no noise while the performance in the
presence of 15 dB SNR is shown in Fig 8b. Almost every
combination of two AoAs can be successfully estimated using
the conformal DMA, except for the ones that are too close to
each other.

As the number of possible AoA increases, the problem
of associating a peak with a possible AoA becomes more
complicated. This is because the height of redundant peaks
starts to become comparable to the peaks corresponding to
the actual AoA. We thus need a protocol to distinguish them.
For that purpose, we used a threshold to set the lower bound
of detection. We empirically found that setting the threshold
at the 50% of the maximum of |%X| can serve the purpose
of AoA detection. We illustrated detections of several sets of
three AoAs in Fig 9. Evidently, the peaks corresponding to
the actual AoAs are distinctively above the threshold. We also
observe the possibility of detecting 7 AoAs. However, as the
number of AoAs increases, the inverse problem at the heart of
Ao0A estimation becomes more complicated. As a result, more
erroneous detection appears. The maximum number of AoAs

both at 15 dB SNR.

this device can detect will depend on the number of masks,
the noise level, and the reconstruction technique. Investigating
this limit will be an interesting topic of research in the future.

B. Phaseless AoA detection

As emphasized in [30], [31], the capability to detect
AoAs using intensity-only measurements (or received signal
strength) eliminates the necessity of phase detection, signifi-
cantly simplifying the receiving circuitry. To test this possi-
bility, we emulated the detection of intensity data by taking
the magnitude of the complex sensed data in (2). Thus, we
recast each sensed data and the reference matrix H;,sensity,
which are now comprised of real-valued entries. The inverse
estimation problem then becomes:

(6)

where x is similar as before. We solved the estimation problem
using CGS. In these studies, the SNR is defined by adding
white Gaussian noise to the complex data before computing
the magnitude. We have plotted the outcomes of the intensity-
only AoA estimation in Fig 10. As shown in Fig 10a, we
can obtain perfect estimation performance at 15 dB SNR with
31 masks. In Fig 10b, the impact of noise is visible as with
the same number of masks, the estimation performance is
degraded significantly at —10 dB SNR. Next, we analyzed
the impact of number masks. The estimation performance did
not change as the number of masks was reduced to 16, as
shown in Fig 10c. However, when the number of masks is
reduced to 8, the estimation is severely degraded, as shown in
Fig 10d.

Yintensity = Hintensityxy

IV. CONCLUSION

We presented a novel conformal DMA that can be used
for AoA detection over the whole horizon using only a single
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receiving unit without requiring a mechanical or electronic
beam steering mechanism. We outlined and verified the algo-
rithm for using this device to detect single or multiple AoAs.
The results and the analyses provided here also lead to several
open research questions. One area to explore is the limit of
detectable AoAs for a given diameter of the DMA. Another
question is whether we can use more than a single frequency
to increase sensing fidelity or obtain range information. More-
over, an open question is whether this device can be used
for imaging purposes [32], i.e., to obtain reflectivity maps
in the range and angular directions. The proposed conformal
DMA can find applications in radar and surveillance systems,
wireless communication networks, or for obtaining situational
awareness.
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